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showed microcrystal particles of bi-metal loadings highly dispersed on the zeolite 25 surface, and some agglomeration of metallic particles were also observed. Large 26 amount of carbonaceous deposit was observed on the spent catalysts mainly in the 27 form of amorphous. Density Functional Theory (DFT) modelling was carried out in 28 order to study the adsorption energy of anisole and phenol molecules onto Ni-Mo, Ni-29 
Introduction

45
In the context of the bio-based economy, lignin is a major source of aromatic 46 compounds [1] [2] [3] . Fast pyrolysis of lignin followed by bio-oil upgrading is a promisingroute for retrieving aromatic hydrocarbons (AHs) for further application as fuels and fuel 48 additives [4] [5] [6] . Methoxy compounds abundantly exist in primary liquid productsderived from fast pyrolysis of lignin, and the catalytic deoxygenation is favourable forbefore dropping the suspension to a copper/nickel grid. A TEM Tecnai G2 T20 from 127 FEI Ltd was used for the analyses of catalyst sample. Images of the microstructure, the 128 relevant selected area electron diffraction (SAED) patterns, and Fast Fourier Transform 129 (FFT) images of the specimens were acquired. Energy Dispersive Spectrometer (EDS) 130 tests were performed using Genesis 2000 from EDAX Ltd. 131
Experiment 132
Experiments were carried out in the bench scale fluidised bed reactor (Diameter*Height 133 mm = 32mm×600mm); further details of the rig can be found in literature [10, 32] . 134
Nitrogen was used as fluidising gas. The minimum fluidisation velocity (U mf ) was 135 0.027m/s in all experiments, and it was determined as described in literature [40] . The 136 actual experimental flow velocity was adjusted by means of cold experiments, and set 137 to approximately two times the U mf . 138
In each experiment, 50 g of fresh catalyst were placed inside the reactor and fluidised 139 by a N 2 flow rate of 154 L/h. A total amount of 8.3 g of liquid anisole was placed in a 140 syringe pump at the beginning of the experiment and pumped into the reactor at a 141 constant flow rate. Anisole flow rate and reaction time were 50 g/h and 10 min, 142 respectively. The outflow stream was passed through a three stages quench traps to 143 collect the liquid product. The effect of type of bimetal active sites was investigated by 144 experiments carried out over 1%Ni-1%Mo/HZ(25), 1%Ni-1%Fe/HZ(25), 1%Mo-145 1%Fe/HZ(25) at 500°C. Experiments over 1%Ni-1%Mo/HZ(25) at 400 °C, 500 °C and 146 600 °C were performed in order to evaluate the effect of temperature. The effect of the 147 bimetal loadings was investigated by the experiments carried out over 1%Ni-148 1%Mo/HZ(25), 1%Ni-0.5%Mo/HZ(25) and 0.5%Ni-1%Mo/HZ(25) at 500°C. Details of 149 the operating conditions for each experiment are given in Table 1 .
After diluting to a constant volume of 150 mL, the collected liquid fraction was analyseda capillary column DB-5ms (30 m x 250μm x 0.25 μm). The injector temperature was 153 270˚C. The oven temperature was increased from 40 ˚C (held for 3 min) to 180 ˚C 154 (held for 2 min) at a heating rate of 5 ˚C/min, and then heated at a rate of 10˚C/min up 155 to 280˚C and held for 2 min. The running time for each GC-MS analysis was 45 min. 156
The mass spectrometer was operated in electron ionization (EI) mode at 70 eV and the 157 spectra were obtained from m/z 35-550. The column was calibrated with external 158 standards, and the products were quantified by total ion and identified using the 159 database of NIST library database. The amount of carbonaceous deposits on the spent 160 catalyst was determined by thermogravimetric analysis with a SETSYS-1750 CS 161
Evolution TG Instrument. Approximately 15 mg of sample were charged and heated 162 from room temperature (~25°C) up to 900°C at a heating rate of 20 °C/min and air flow 163 rate of 20 mL/min. The sample was kept at 900°C for 15 min to ensure total burn-out of 164 the carbonaceous deposits. Non-condensable gaseous products were analysed in a 165 GC-FID equipped with a SE54 column. 1 µL of gas sample was injected into the 166 injector kept at 270°C. Helium at a flow rate of 6.3 mL/min was used as carrier gas. 167
The initial column temperature was 40°C (equilibration time of 2 min), and the 168 maximum temperature was 300°C. Total analysis time was 45 min. The mass of liquid 169 fraction, carbon deposit fraction and gas fraction were determined after each 170 experiment. The liquid, carbon deposits and gas yields were determined as a 171 catalysts were carried out at 500°C (experiments DO2, DO6 and DO7 respectively in 208 Table 1 ) to investigate the effect of the bimetal type on the deoxygenation stage of the 209 decomposition of anisole. The anisole conversion and grouped yields of liquid, gas and 210 solid (carbonaceous deposits) products are shown in Table 1 . Anisole conversion was 211 100% for the three experiments. The products mainly consisted of liquids and 212 carbonaceous deposits, with the gas fraction being negligible. These gas products 213 primarily contained alkanes and olefins, as shown in Supplementary Material S8. 214
Regardless the bimetal catalyst used, similar yields of the liquid products (ranging from 215 34.5 wt.% to 38.7 wt.%) and the carbonaceous deposits (ranging from 61.0 wt.% to 216 63.9 wt.%) were obtained. 217
The effect of the type bimetal/HZ (25) amount of AHs (33.9 wt.%). However, it showed a BTX selectivity of 78.9 wt.%, lower 228 than that obtained over Ni-Mo. The individual selectivity of benzene, toluene and xylene of the experiments in this study is specified in Supplementary Material S3. on the catalytic activity of Mo sites. Therefore, among the three bimetallic catalyst 264 supported on zeolite, 1%Ni-1%Mo exhibited better catalytic activity towards the 265 production of BTX, giving rise to both higher yield and selectivity. Consequently, this 266 bimetallic catalyst was selected for further investigation of the effect of temperature and 267 metal loadings.
Effect of temperature on deoxygenation reaction over bimetal/HZ(25)
269 catalysts
270
Anisole decomposition over the 1%Ni-1%Mo/HZ(25) catalyst was performed at 400, 271 500, and 600 °C (DO1, DO2, and DO3 in Table 1 , respectively) to investigate the effect 272 of temperature on the deoxygenation stage. Total conversion of anisole was achieved 273 at all temperatures, with the liquid and carbonaceous deposits being the main products 274 at this temperature range. The total liquid product yield decreased significantly with 275 temperature from 38.4 wt.% (excluding undecomposed anisole) at 400°C to 21.0 wt.% 276 at 600°C. On the contrary, the yield of carbonaceous deposits increased 277 correspondingly from 61.1 wt.% at 400°C to 76.7 wt.% at 600°C. Trace gas products 278 were produced (further details are shown in Supplementary Material S8). 279
The change in the liquid product distribution with temperature is shown in Fig. 2 . At 280 400°C, Phs were the main compounds in the liquid fraction; they accounted for 32.7 281 wt.% of the total products and consisted mainly of phenol, ortho-cresol and para-cresol. 282
The AHs fraction only constituted 5.8 wt.% of the total products, and mainly contained 283 BTX (over 80 wt.% of the AHs), and naphthalene and its derivatives. On the contrary, 284 the Phs yield was 2.8 wt.% and the AHs yield was 33.0 wt.% of the total product at 285 500°C. The liquid fraction contained 83.7% of BTX. At 600°C, no Phs were detected, 286 and the AHs yield was 21.0 wt.%. Despite the decrease in the total AHs fraction 287 compared to that at 500°C, the BTX fraction increased up to a selectivity of 97.5%, with 288 benzene being the main product. The results point that the transmethylation reaction 289 primarily occurred at 400°C, and the deoxygenation reaction occurred at 500°C and 290
higher. This confirms that the "transition temperature"( at which the transition from 291 prevalence of transmethylation to prevalence of deoxygenation happens) in the 292 decomposition of anisole over the bimetallic based catalysts is the same as that The results in Table 1 show that an increase in temperature from 400°C to 600°C 299 enhanced carbonaceous deposition, with a simultaneous reduction in the liquid 300 products. The effect of temperature on the distribution of liquid products is also 301 noticeable, as shown in Fig. 2 1%Ni-0.5%Mo/HZ/25 (DO4) and 0.5Ni-1%Mo/HZ(25) (DO5) at 500°C to investigate the 321 effect of metal loading ratio on the deoxygenation reaction. As shown in Table 1,  322 anisole was completely converted in all the cases, and rather similar product yields 323 were obtained over the three catalysts (from 63.9 wt.% to 66.7 wt.% for carbonaceous 324 deposits, and from 31.6 wt.% to 35.8 wt.% for liquid products). Gaseous products were 325 negligible (as shown in Supplementary Material S8). The influence of the metal loading 326 on the liquid product distribution is depicted in Fig. 3 . 1%Fe/HZ(25) were observed at four resolutions (500nm, 100nm, 50nm and 20nm). In 366 addition, the spent 1%Ni-1%Mo/HZ(25) catalyst from experiment DO2 was analysed to 367 characterize the carbonaceous deposits on the surface. 368
Representative TEM micrographs of the fresh catalyst are shown in Fig. 4 (a), (b) and 369 (c), and Supplementary Material S4 to S6 respectively. In all cases, the bimetal active 370 sites were found to be highly dispersed on the zeolite surface and in the form of 371 The surface of the three fresh catalysts and the spent catalysts were analysed by EDS 389 tests in order to identify and quantify the main elements present in the surface, as 390 shown in Table 2 and Supplementary Material S7 and S10. For each of the fresh 391 catalysts, the active metal species were found to be in a concentration around 1 wt.% 392 (based on the whole catalyst sample), in close agreement with the designed loading 393 ratio. In the case of the spent catalyst, carbon element accounting for around 10 wt.% 394 of the unit catalyst sample. In the case of the identified oxygen element, it should be 395 noticed that oxygen could be both present in the carbonaceous deposit and be part of 396 the zeolite structure oxygen, but the technique is not able to distinguish between them. 397
The results of TEM-EDS showed that most of the surface area of the spent bimetallic-398 based catalyst was covered by amorphous carbonaceous deposits. 399 Table 2 Phenol molecule exhibited similar DOS profiles when approaching to (distance above 5 454 Å) the three alloys (plot (a) in Fig. 5, Fig. 6 and Fig. 7 ). Nevertheless, the energy level 455 of the electrons in the phenol molecule was 0.5 eV higher when approaching to Mo-Fe 456 alloy compared to Ni-Mo and Ni-Fe alloys. This result indicates that the types of metals 457 in the alloy had little impact on the phenol molecule before the adsorption took place,when the distance between adsorbate and adsorbent was larger than 5 Å. It can beobserved from the spectra before the adsorption that the electrons in s orbital of the 460 phenol molecule were primarily located at low energy levels (between -18 and -10 eV), 461 while higher energy levels (between -12 and -1 eV) were occupied by p electrons. 462
Nevertheless, it is worth noting that some s orbital electrons were also present in 463 higher energy levels (between -10 to -4 eV), indicating the hybridization of orbitals 464 within the phenol molecule. Once phenol molecule was adsorbed onto the bimetal 465 surfaces (as shown in plot (b) in Fig. 5, Fig. 6 and Fig. 7) , the DOS spectra for both the 466 s and p electrons showed displacement of energy levels and changes in value of states, 467 particularly at energy levels higher than -10 eV. These changes varied depending on 468 the alloy. In the case of the phenol adsorbed on Ni-Mo alloy, the energy level of most 469 electrons in s and p orbitals decreased about 1.5 eV. This relates to the contribution to 470 the energy released by the whole system during the adsorption process, which is an 471 exothermic process. The change in energy also reveals a more stable structure of the 472 molecule compared to that prior to adsorption. In the case of Ni-Mo, the value of DOS 473 changed especially at the energy levels above -4 eV; electrons were gained from Ni-474
Mo alloy at some of the energy levels during the adsorption process. This is related to promoting the its selectivity to 83.7%. 1% was the optimal loading ratio for the bi-metal 520 synergistic effect. 500°C was found to be a compromise temperature for the BTX 521 production in the deoxygenation reactions, giving rise to high selectivity of BTX with 522 moderate polycondensation of both Phs and AHs. Fe showed negative effect as part of 523 the bi-metal in promoting the BTX yield and selectivity in the decomposition of anisole. 524
The TEM-EDS test to fresh catalysts confirmed the actual bi-metal loadings agreed 525 with the designed value, and showed the microcrystal particles of the bi-metal loadings 526 had fuzzy boundaries and readily agglomerated after the reduction. TEM-EDS test of 527 the spent 1%Ni-%Mo/HZ(25) showed evidence of amorphous carbon deposited after 528 the reaction. DFT modelling revealed that Ni-Mo alloy promoted the decline in electrons 529 energy levels and consequently exhibited the highest adsorption energy, while Fe was 530 more effective in back-donating electrons between the surface and the frontier orbitals 531 in the adsorbate. A stronger binding caused by Ni-Mo loading made it more efficient for 532 the deoxygenation during anisole decomposition, in line with the experimental results. 533
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